The measured polarization hysteresis loop for a Z-cut LiTaO 3 crystal was found to be asymmetric about the field axis indicating the presence of an in-built internal field in the crystal of 5 kV/mm in the direction of the original polarization in the virgin crystal. Upon polarization reversal under electric field, the internal field tends to realign along the new polarization direction. Systematic time-temperature dependence of this realignment process was carried out. At room temperature, this realignment process was incomplete even after many days, while above 200°C, the recovery process takes less than 30 s. Conductivity measurements also indicate an exponential increase in the dc conductivity of the sample above 200°C with an activation energy of 1.55 eV. Further experiments related to the behavior of the internal field with change in sample thickness and surface removal revealed that the internal field is a volume effect. Possible origins of this field based on point defect chemistry of the crystal are discussed. © 1996 American Institute of Physics.
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Lithium tantalate is of interest for surface acoustic wave devices, piezoelectric devices, and in nonlinear optical applications due to its large nonlinear optical coefficients 1 and photorefractive damage resistance. 2, 3 Here, we report the presence of an in-built internal field in poled Z-cut LiTaO 3 crystals which strongly influences the electric field switching of domains in these crystals. The time-temperature dependence of realignment of this field after domain switching is also reported which could have impact on the stability of devices.
Built-in internal fields have been reported in ferroelectric crystals such as PZT 4, 5 and BaTiO 3 . 6, 7 Doping experiments in these materials have shown that internal fields are of dipolar nature consisting of acceptor impurity atomsneighboring oxygen vacancy complexes. We show that in undoped LiTaO 3 crystals, similar internal fields exist.
The as-purchased Z-cut LiTaO 3 crystals used in this study ͑obtained from Yamaju Ceramics, Inc., Japan͒ were optical grade, of congruent composition, and single domain. They shall be referred to as ''virgin crystals''. In our experiment described below, the polarization was reversed at room temperature by applying a dc field applied across the crystal thickness. 8 Liquid electrodes ͑0.1 g/ml of magnesium nitrate in water͒ were used as contacts and voltage was ramped at 20 V/s. The hysteresis loop was obtained by the time integration of the transient poling current, d(2P s A)/dt, where P s is the spontaneous polarization ͑ϳ50 C/cm 2 ͒, A is the poled area in the Z-plane, and t the time. No difference was observed in the hysteresis measurements at room temperature with ordinary room lights on or off. It was concluded that photoconductivity and photogalvanic effects were negligible on the time scales of our experiments ͑1 h maximum͒. Hence, the experiments were done with room lights on. Figure 1 shows the typical polarization hysteresis curve for a virgin 0.5 mm thick LiTaO 3 single crystal at room temperature. The crystal was cycled from its initial polarization state I, through 180°to state II and then back to state I. We shall denote poling from state I to II as forward poling and from II to I as reverse poling. Starting from a virgin crystal, the subscripts f1 and r1 will refer to first cycle of forward and reverse poling, respectively, f2 and r2 to the second cycle, etc. Upon poling the crystals from state I to state II, the poling occurs throughout the entire volume of the crystal. This was confirmed by etching the crystal in a solution of HFϩHNO 3 ͑ratio 1:2͒ at 90°C and then observing the poled regions in cross section with crystallographic y direction as the zone axis. The poled regions extended through the entire crystal thickness.
The large asymmetry in the loop about the field axis indicates the presence of an internal field, E int . This internal was observed in all the samples used in this study ͑ϳ40 samples͒. The magnitude of this field can be determined as E int ϭ(E f1 ϪE r1 )/2ϭ50 kV/cm, as shown schematically by an arrow in Fig. 1 . In the virgin crystal ͑state I͒, this field is aligned along the polarization direction of the crystal. Hence at room temperature, the forward poling field is E f1 ϭE c ϩE int and the reverse poling field is given by E r1 ϭE c ϪE int where E c is the intrinsic coercive field of the crystal. The intrinsic coercive field can be calculated as E c ϭ(E fl ϩE rl )/2ϭ16 kV/mm.
If the polarization direction is reversed in a virgin crystal, the internal field also tends to reverse its direction with time and temperature. In order to study this behavior, the crystals were first poled from state I to state II at room temperature and then the field was removed. The sample was then rapidly heated at ϳ20 deg/s to a desired temperature, held for a desired time, and then the heater power was shut off and the sample rapidly cooled at ϳ20 deg/s in air down to 100°C and in contact with a metal block below 100°C. The hysteresis curve was measured again at room temperature. The poling fields E rl in going from II to I and poling field E f2 in going back from I to II were measured and the internal field E int,2 ϭ(E f2 ϪE r1 )/2 was calculated. Figure 2 shows the internal field E int,2 as a function of annealing time for four different temperature ranging from room temperature ͑25°C͒ to 150°C. Starting from ϩ50 kV/ cm, at room temperature, the internal field recovers only by ϳ17% after 15 h. At 150°C temperature, 95% of the recovery is complete after 5 min of annealing. At 200°C, this process takes less than 30 s. This is shown in Fig. 3 where the recovery is plotted as a function of annealing temperature for a fixed annealing time of 30 s. The recovery is linear with annealing temperature below ϳ150°C and above 200°C. At 150°C, there is a sharp recovery.
In order to understand this phenomenon better, we measured the dc conductivity of LiTaO 3 as a function of temperature ͑Fig. 4͒. A 0.5 mm thick crystal was placed between two vertical brass fixtures used as electrodes and contact was made by thin platinum foil on either side of the crystal. Water based liquid electrodes were not used due to high temperatures involved. ͑It was confirmed independently that the hysteresis behavior of Fig. 1 was not sensitive to using either liquid or metal electrodes.͒ Using a test voltage, the sample current was measured with a minimum sensitivity of 0.1 nA. The conductivity was calculated as ϭil/VA, where i is the current, l is the thickness of the crystal ͑0.5 mm͒, V the test voltage ͑2500 V͒, and A the electrode area ͓͑2 mm͒ 2 ͔. Below ϳ170°C, no detectable current was measured in our setup beyond which the conductivity shows an exponential increase with an activation energy of 1.55 eV. The conductivity values were independent of the direction of applied field. Comparison of Figs. 3 and 4 suggests that the mechanism responsible for increased conductivity above ϳ170°C could also be responsible for the rapid recovery in the internal field with annealing above 200°C as shown in Fig. 3 .
There are two main plausible origins for the internal field: ͑1͒ surface origin involving charge accumulation near the crystal surfaces or ͑2͒ Volume origin involving dipolar defects in the bulk of the material. We shall show below that internal field is a volume effect.
The Debye length (L D ) for the space charge buildup at the surface is given by L D ϭͱ⑀k b T/(2q 2 C ϱ ), where ⑀ is the dielectric constant, k b the Boltzmann constant, T is the temperature, q is the charge, and C ϱ is the bulk concentration of charges. In pure LiTaO 3 crystals, impurity defects are in the range of ppm concentration at room temperature. The Debye length is, therefore, of the order of nanometers. 9 For higher defect concentrations, the Debye length is even smaller. Thus, if the internal field is of surface origin, removal of depth of the order of microns from the crystal surface (C ϩ or C Ϫ ) should cause the internal field to disappear. Starting from a 500 m virgin crystal ͑state I͒, we varied the crystal thickness up to a minimum of 250 m by polishing the crystal surfaces. The polishing was done with SiC and Al 2 O 3 powders with water as medium. The internal field E int was found to be independent of the crystal thickness. This observation was independent of which surface (C ϩ or C Ϫ ) was removed. Most importantly, if the internal field is due to charges within a Debye length of the surface, the field should be inversely proportional to the thickness of the sample 10 contrary to our observations. The same results were obtained if the sample was poled from state I to II and then the surface removal experiment was carried out. In state II, the possibility of a fast refreshment of space charge field while polishing is unlikely since the time constants for the rearrangement of internal fields at room temperature are very large ͑see Fig. 2͒ compared to the surface removal experiments ͑1 h͒. Any temperature increase during the wet polishing also appears to be insignificant since it would have changed the internal field significantly ͑according to Fig. 2͒ contrary to our observation. The above discussion leads us to conclude that the internal field is a volume effect.
From the review of the literature on the defects in LiTaO 3 and closely related LiNbO 3 crystals, we arrive at the following two possibilities for the nature of dipolar defects giving rise to volume origin of internal fields: ͑a͒ intrinsic point defects due to nonstoichiometry and ͑b͒ presence of OH Ϫ ions in the crystal.
In congruent composition of LiTaO 3 ͑ϳ48% Li and 52% Ta͒, there are a number of possible point defects in the crys- , and vacancies (V Nb ͒ 5Ј dominate. A similar situation is expected in LiTaO 3 .
13 Thus the literature is contradictory. In the tantalum antisite model, a possible dipolar defect giving rise to internal field in LiTaO 3 may arise from complexes of tantalum antisites and tantalum vacancies aligned along the polar direction. A few such possible complexes with a net dipole moment have been suggested by Rauber.
14 The electrical conductivity of lithium deficient LiTaO 3 in the temperature range of 350-800°C shows an activation energy of ϳ1.2 eV and is contributed by mobile lithium ion vacancies. 15, 16 On extrapolating the conductivity data to 200-250°C, the values of conductivity and the activation energy are close to that shown in Fig. 4 . It is known from proton-exchange experiments that the lithium mobility is substantial above 200°C. At higher temperatures, a tantalum antisite could move into an adjacent tantalum vacancy, creating a mobile lithium vacancy, 13 thus increasing the conductivity and resulting in faster realignment of internal field. In the lithium vacancy model, the lithium vacancies can form complexes with either oxygen vacancies or OH Ϫ ions in the crystal. The latter possibility will be discussed further.
In LiNbO 3 and LiTaO 3 , intrinsic point defects due to nonstoichiometry can be a fraction of a mole percent up to a few mole percents. 12 However, it has been shown that even nominally pure crystals of LiNbO 3 can have up to 10 19 /cm 3 of OH Ϫ ions. 17 In holographic storage using LiNbO 3 and LiTaO 3 crystals, annealing in the temperature range of 100 to 200°C is done to fix the holograms. 18 This has been shown to arise from movement of hydrogen ions in the crystal with an activation energy of 1.1 eV. However, due to their orientation normal to z axis of the crystal, the OH Ϫ ions cannot by themselves be the dipolar defects responsible for internal fields in these crystals. They may, however, form complexes with neighboring point defects to give rise to the observed internal fields.
In summary, we report the presence of an internal field of 50 kV/cm in z-cut LiTaO 3 crystals aligned parallel to the polarization axis. We show that it is a volume effect and propose possible dipolar defects responsible for these fields. For a device fabricated from LiTaO 3 by room-temperature poling, stability of the device performance with time becomes an issue unless it is annealed at temperatures above 200°C.
